We study the electronic structure of superlattices consisting of graphene and hexagonal boron nitride slabs, using ab initio density functional theory. We find that the system favors a short C-B bond length at the interface between the two component materials. A sizeable band gap at the Dirac point is opened for superlattices with single graphene layers but not for superlattices with graphene bilayers. The system is promising for applications in electronic devices such as field effect transistors and metal-oxide semiconductors.
I. Introduction
Graphene is a two-dimensional crystalline material, consisting of a honeycomb structure with two crystallographically equivalent carbon atoms in its primitive unit cell. Two electronic bands with p z character cross the Fermi energy precisely at the K point in momentum space. Consequently, undoped graphene is a zero gap semiconductor. The linear dispersion of the bands at the K point reflects Dirac fermions, zero mass quasiparticles. An important property of graphene is its unusual quantum Hall effect.
1,2 The synthesis of single layer graphene by Novoselov et al. 3 in addition has opened a new way to construct field effect transistors (FETs) 4, 5 as well as metal-oxide field effect transistors (MOSFETs). 6 Since typical sizes of graphene flakes are a few micrometres, they are easy to attach and therefore useful for device applications.
However, the lack of a finite band gap is a major obstacle on the way to an application. Hence, huge efforts have been devoted to the creation of a tunable gap in graphene systems. Different approaches have been proposed, such as the use of bilayer graphene, 16 nanowires, 17 substrates, 18, 19 twisted graphene, 20 and superlattices with boron nitride. 21, 22 In bilayer graphene it is possible to open a band gap of around 250 meV when the symmetry between the two layers is broken, e.g., by applying a bias potential. In graphene nanowires band gaps of 20 to 24 meV have been found, arising from the lateral constriction of the electron in the wire. The size of the band gap depends on the shape of the wire edges. For graphene attached to various substrates band gaps of 26 to 52 meV have been reported. In twisted graphene band gaps of 240 to 270 meV have been observed, depending on the rotation angle. Finally, interaction between boron nitride and graphene opens a band gap of around 18 meV. In all these cases the two carbon atoms in the unit cell become inequivalent. This breaks the sublattice symmetry and generates an intrinsic robust mass of the quasiparticles.
Hexagonal boron nitride (h-BN) is a widely known wide band gap semiconductor. Its structure is similar to graphite, 7 consisting of hexagonal rings, where every boron atom is bound to three nitrogen atoms in the hexagonal basis plane, and vice versa. The strong directional bonding between adjacent intraplanar atoms comes along with charge transfer from the boron to the nitrogen atoms. Interplanar bonding is very weak with no directional bonds present, resulting in a mixture of electrostatic attraction between oppositely charged ions in adjacent planes and van der Waals bonding, similar to graphite. The band structure has been studied experimentally [8] [9] [10] [11] and theoretically. [12] [13] [14] However, from the theoretical point of view the electronic properties of h-BN, especially the nature of the band gap, are not yet settled. Both direct and indirect band gaps have been reported, with values ranging between 3.6 and 7.0 eV.
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In this paper we apply a multilayer scheme to study the opening of the band gap. We address the stability, cohesive energy, band structure, and (local) density of states ((L)DOS) for a series of multilayers of h-BN and graphene within the framework of density functional theory. Since the lattice parameters of h-BN and graphene are close to each other, h-BN is a suitable choice for application in a superlattice structure with graphene. We will show that the interaction between the carbon atoms and the h-BN can open a band gap, which makes the system interesting for application in electronic devices. For instance, the room temperature I-V characteristics of graphene based FETs can be improved and MOSFETs can be constructed.
II. Method of calculation
We have carried out first principles calculations, applying the self-consistent plane wave pseudopotential scheme implemented in the Quantum ESPRESSO code. 23 For the exchange correlation functional we use the generalized gradient approximation (GGA) 24 and take into account the van der Waals interaction via the B97-D functional (GGA+vdW). 25, 26 This functional includes damped atom-pairwise dispersion corrections of the form C distance. The B97-D functional has been designed for noncovalent complexes (including large vdW systems) by optimizing the atomic parameters for almost the entire periodic table. It has shown to yield structures and interaction energies which deviate only insignificantly from coupled-cluster results. 25, 26 However, since it still suffers from the GGA self-interaction error, reaction barriers are systematically underestimated. For graphite a slight overbinding has been confirmed.
For each structural configuration we have performed an optimization (force minimization) of the c lattice constant and of the atomic coordinates. We have employed different k-meshes for the Brillouin zone in order to check the convergence with respect to the fineness of the k-mesh. The subsequent results are based on a Monkhorst-Pack 27 8 Â 8 Â 8 k-mesh. We obtain a convergence in total energy of 10 À9 Ry. Moreover, the cut-off energy for the plane wave expansion is obtained by a convergence test for the total energy. We find an 100 Ry kinetic energy cut-off to be sufficient. 28 The equilibrium lattice constants are obtained by minimizing the total energy and are used for calculating the band structure, cohesive energy, and (L)DOS. 
III. Structural setup and stability
On the basis of the above structural parameters, we construct a series of multilayers, as summarized in Table 1 . We label the different configurations (n,m) according to the numbers n of h-BN layers and m of graphene layers. The (1,1), (2,1) , and (3,1)/ (2,2) configurations have four, six, and eight atoms in the supercell, respectively. In the following, we will not discuss thicker slabs, since there do not appear any new features. The cohesive energy per atom is calculated as
where E cell is the total energy of the unit cell containing n atoms and E atom is the total energy of the isolated atoms. E atom can be calculated by placing a single atom in a large supercell. The convergence with respect to the size of the supercell has been tested. The resulting values of the cohesive energy are 8.94 eV/atom, 8.87 eV/atom, and 8.83 eV/atom, respectively, for the (1,1) a , (2,1) a , and (3,1) a configurations using the GGA. Inclusion of the van der Waals interaction leads to modified values of 9.56 eV/atom, 9.49 eV/atom, and 9.46 eV/atom but preserves the energetic order. The cohesive energy of the (2,2) a configuration is high, amounting to 8.94 eV/atom (GGA) and 9.56 eV/atom (GGA+vdW). The configurations under investigation are illustrated in Fig. 1 . Note that the subscript in the notation denotes the stacking according to the leftmost column in Table 1 .
Out of the possible structures in Table 1 , the lowest-energy configurations have a carbon atom next to boron and another next to the center of the h-BN ring (the hollow site). For these configurations the cohesive energies likewise are minimal. The C-C bond is strong s-type, whereas the B-N bond is rather ionic in nature, as a consequence of bonding between the electronegative Table 1 Name, stacking order, interface arrangement, band gap at the K point (in meV), and structure sketch of the superlattice configurations under consideration Name Stacking Interface nitrogen and the electropositive boron. A similar ionic bonding nature applies to both the B-C and C-N bonds. Due to the different electronegativities of boron (2.04), carbon (2.55), and nitrogen (3.04) there is a transfer of charge from boron to carbon and from carbon to nitrogen, where the interaction between carbon and boron dominates. A L€ owdin analysis results in a charge gain of 0.36 electrons for nitrogen and charge losses of 0.41 and 0.02 electrons for boron and carbon, respectively. In summary, the most stable configuration is characterized by a short B-C distance.
IV. Electronic structure
For the energetically favourable structures (1,1) a , (2,1) a , and (3,1) a , we compute the electronic band structure, DOS, and LDOS, see Fig. 2 to 4 . For the wide band gap insulator h-BN (4.7 eV at the K point
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) our calculated GGA value of the direct band gap is 4.90 eV and of the indirect band gap is 4.82 eV. In Fig. 2 to 4 we present the band structures of the (1,1) a , (2,1) a , and (3,1) a configurations along the G-K-M-G path. For the GGA we find band gaps of 70 meV, 23 meV, and 64 meV, respectively, while inclusion of the van der Waals interaction alters these values to 111 meV, 119 meV, and 121 meV.
The calculated band structures are compared to h-BN and pristine graphene in Fig. 2 to 4 . The DOS and LDOS are addressed on the right side of the figures. For the multilayers we obtain a vanishing DOS at the Fermi level, i.e., a finite band gap. In contrast, for pristine graphene we observe the expected perfect Dirac cone, 33 whereas for h-BN we observe the large band gap mentioned above. The p and p * bands near the Fermi level are due to the sp 2 hybridized C p z orbitals, whereas the p x and p y contributions are small. There are almost no contributions from boron and nitrogen in the vicinity of the Fermi level.
The carbon p and p * states interact with the boron and nitrogen p and p * states (tracing back to the respective p z orbitals), which breaks the symmetry and opens a band gap. The boron contributions dominate the p * state, while the nitrogen contributions dominate the p state. In the case of pristine graphene, the p and p * bands meet exactly at the Fermi level, forming a Dirac cone. These bands are equally contributed by the sp 2 hybridized p z orbitals of the two carbon atoms in the graphene unit cell. In contrast, in the h-BN case the p * band is dominated by boron and thus shifts to a higher energy, while the p band is dominated by nitrogen and shifts to a lower energy to accommodate an additional electron. By the reduction of the symmetry, the Dirac cone is no longer preserved and quadratic bands arise. From the results in Fig. 2 to 4 it is clear that a finite band gap is established in multilayers consisting of a single graphene layer and one or more h-BN layers. Fig. 4 Analogous to Fig. 1, but for the (3,1) a configuration.
In Fig. 5 we show the band structure of the (2,2) a configuration along the G-K-M-G path. The calculated band structure here is compared to h-BN and bilayer graphene. Note that we have four inequivalent carbon atoms due to the interaction between the two graphene layers and the h-BN. The DOS and LDOS are addressed on the right side of Fig. 5 , which demonstrates that the p and p * bands near the Fermi level are due to the sp 2 hybridised C p z orbitals with only minor p x and p y contributions. Again, there are almost no contributions from boron and nitrogen around the Fermi level. In contrast to bilayer graphene, the (2,2) a configuration shows no finite band gap as a consequence of the graphene-graphene interaction. Still, the nature of the bands at the K point is parabolic instead of linear. The (2,2) a configuration therefore remains a zero gap semiconductor. We conclude that it is not possible to open a band gap in superlattices with bilayer graphene.
V. Conclusion
Our first principles calculations show that among the superlattices of graphene and h-BN the favourable configurations minimize the C-B bond length due to strong interaction between boron and carbon. For a single graphene layer alternating with a single h-BN layer the two carbon atoms of the graphene unit cell become inequivalent due to the interaction with the h-BN. Therefore, a band gap of 111 meV opens at the K point. When the number of h-BN layers is increased the size of the band gap at the K point decreases. However, the decrease saturates already at a h-BN slab thickness of three layers. In contrast to the case of a single layer, configurations with bilayer graphene do not exhibit band gaps. In conclusion, we predict finite and tunable band gaps for superlattices in which a single graphene layer alternates with h-BN slabs of variable thickness.
